Glucosamine (GlcN), which has previously been shown to rescue fruiting body formation, lysis, and sporulation in a developmental mutant (G. Janssen and M. Dworkin, Dev. Biol. 112:194-202, 1985), induced lysis in vegetative and developing wild-type cells and inhibited fruiting body formation. It also resulted in a transient, intracellular increase in the concentration of glycerol, a known sporulation inducer, and sporulation of the surviving cells. Phospholipase activity, which was shown to be normally developmentally regulated, increased 7.6-fold after treatment of vegetative cells with 50 mM GlcN. Likewise, autocidal activity, which normally increased 18 to 24 h after the initiation of development, increased 20% when vegetative or developing cells were exposed to GlcN. Two mutants resistant to GlcN-induced lysis (MD1021 and MD1022) were isolated and showed neither an increase in autocide production nor an increase in phospholipase activity in response to added GlcN. MD1021 was developmentally deficient, and GlcN rescued fruiting body formation as well as phospholipase activity and autocide production. We propose that GlcN exerts its lytic effect by regulating the activity of phospholipase enzymes that release autocides, compounds that are believed to be responsible for developmental autolysis. GlcN-induced sporulation was found to depend on several factors: the initial cell density, the amount of lysis induced by GlcN, and the presence of tan-phase variants. An initial cell density of greater than 2 x 105 cells per ml was required to support GlcN-induced sporulation, and sporulation did not occur unless 50 to 75% of these cells had Iysed. Mutants that were resistant to GlcN-induced lysis also did not sporulate in the presence of GlcN. The effects of GlcN on developing cells depended on the concentration of GlcN added; the addition of low concentrations of GlcN resulted in enhancement of sporulation, while higher concentrations resulted in the inhibition of sporulation. The ultrastructure of GlcN-induced spores resembled that of spores induced by the exogenous addition of glycerol, in contrast to spores isolated from mature fruiting bodies. A model by which GicN may regulate both lysis and sporulation is presented.
Myxococcus xanthus is a prokaryote that is distinguished by its ability to carry out a complex developmental life cycle. In response to starvation, cells glide into aggregation centers and mature into spore-filled fruiting bodies. During the process that leads to sporulation, a portion of the cells have been observed to undergo lysis (23, 48, 49) . Sporulation occurs as the culmination of a developmental process within a maturing fruiting body (35) . The formation of fruiting bodies depends on three requirements being met: the presence of a solid surface, a high cell density (48) , and depleted nutrient supply (6, 16) . Spores formed within the mature fruiting body are metabolically quiescent (18) and resistant to heat, desiccation, UV light, and breakage by sonic oscillation (44) .
Intercellular coordination of fruiting body formation has been shown to require the exchange of regulatory signals (20, 29, 30) . Hagen et al. (20) described a set of conditional nonsporulating mutants that were divided into four groups (A, B, C, and D) which undergo extracellular, phenotypic complementation. These mutants are believed to be deficient in the exchange of particular signals that are required for development. Several of the group C mutants were found to be deficient in lysis, sporulation, and fruiting body formation (23, 42) . Janssen and Dworkin identified and partially purified a cell-associated factor, called DS, for developmentstimulating activity, which phenotypically complemented lysis, sporulation, and fruiting body formation in the group C mutant (23) . The effect of DS activity on the group C mutant * Corresponding author.
could be replaced by adding the amino sugar glucosamine (GlcN) or mannosamine (ManN). GlcN is thought not to correct the genetic lesion directly (23, 26, 40) but rather to bypass the mutation and reinitiate the lysis and sporulation pathway at a point further down from the mutational block (40) . It has been proposed (23) that GlcN is, or mimics, the signal that in wild-type cells initiates developmental lysis and sporulation.
During the course of an attempt to understand the mechanism of the GlcN rescue of the group C mutants, we found that GlcN, when added to the developmentally proficient parent, induced premature autolysis, glycerol formation, and myxosporulation.
Wireman and Dworkin originally found that sporulation was accompanied by a significant amount of cell lysis (23, 48, 49) . Subsequently, lysis has been used as a marker for development (35, 41, 42) and has been assumed to be a natural part of the developmental process. This has been based on a close correlation between development and autolysis; however, no clear evidence has been presented to formally establish a cause and effect relationship. O'Connor and Zusman (33) have presented evidence that, under certain conditions, autolysis is less extensive than has been reported and have suggested that it is not an integral part of development but rather is induced by the experimental mishandling of fragile developing cells. On the other hand, Rosenbluh et al. (36) , using an elegant technique whereby cells were trapped in agarose microbeads and then induced to develop under conditions that essentially eliminated manipulation of the developing cells, showed extensive lysis occurring concomitantly with the appearance of myxospores.
It has been proposed that the lysis seen during development was due to the action of myxobacterial autocides (46) . The autocides are a group of five different compounds that lyse vegetative and resting cells of the producing and closely related strains (46) . Autocide 1 (AM1) is responsible for the major autolytic activity; it has been purified and identified as a pool of free fatty acids (47) . AM1 has been shown to rescue sporulation in a major class of sporulation mutants called dsg mutants. The exact developmental role of AM1 is not known, but Rosenbluh and Rosenberg have proposed that it is involved in altering membrane permeability early in development and, as a result, is involved in autolysis later in development (39) . AMV has also been purified and was identified as phosphatidylethanolamine (19) , the major phospholipid in the M. xanthus inner and outer membrane (34) . The lytic activity of AMV was found to be associated with the fatty acid moiety of the phospholipid, and its autocidal activity was thought to be due to the release of AM1 by the action of one or more phospholipases (19) .
It is possible to bypass the multicellular developmental process altogether and chemically induce vegetative cells to sporulate (17) . Glycerol (0.5 M) is normally used as the chemical inducer, but other secondary alcohols, such as dimethyl sulfoxide, will also induce sporulation (17, 27) . Chemical induction of sporulation by glycerol is rapid, occurring within 120 min, and is also synchronous and relatively complete (95%) (17) . The mechanism of glycerol induction is not known. It is thought to activate directly the steps, normally occurring during fruiting body formation, which lead to changes in cell shape and the acquisition of resistance properties (25) 0.05% phosphoric acid solvent. The column was standardized with 30 ,ul of a 9.95 mM solution of glycerol, eluted at 6.1 min. Blank solvent runs were done between samples to ensure that there was no carryover from one sample to the next.
Electron microscopy of spores. Fruiting body, glycerol, and GlcN-induced spores were harvested on sucrose step gradients (22) . Purified spores were fixed with 2.5% glutaraldehyde (wt/vol) in 0.1 M sodium cacodylate (pH 7.6) and 0.05% CaC12 (wt/vol) for 4 h at 4°C. The fixative was changed at 2 h. Cells were postfixed in aqueous 1% osmium tetroxide for 1 h at 4°C, washed three times in buffer, and poststained for 2 h in buffered 0.5% uranyl acetate. Dehydration was accomplished by a graded series of ethanol. The spores were embedded in Spurr resin for 3 days and stained for 10 min in ethanolic uranyl acetate and for 1 min in lead citrate. All thin sections were examined with a JEOL 100-CX TEMSAN transmission electron microscope at an accelerating voltage of 80 kV.
RESULTS
GlcN induces lysis in vegetative cells. GlcN has been shown to rescue developmental lysis, sporulation, and fruiting body formation in several developmental mutants (23) . In the present study, GlcN was added to vegetative cells and was found to induce cell lysis. The extent of lysis depended on several variables, viz., the concentration of GlcN added, the initial density of cells, and the relative proportions of yellowand tan-phase variants in the initial vegetative population. The initial cell density was always kept at 2 x 108 cells per ml unless otherwise indicated. At concentrations of 30 to 50 mM GlcN, all cells lysed within 3 to 4 h after the addition of GlcN (Fig. 1 cells occurred even after several days of subsequent incubation.
Within the range of 10 to 20 mM GlcN, the response was variable ( Fig. 1) . At the lower concentrations of GlcN, the extent of lysis was highly variable from day to day. This was found to depend on the relative concentrations of yellowand tan-colony-phase variants (7) in the original vegetative population. Although little is known about the mechanism of phase variation and the function of the different cell types, it may be that the two colony types play different roles during development (40) . For example, in order for GlcN to rescue the group C mutant DK731, a certain proportion of tan cells had to be present in the population (23 (32) . Lysis could also be induced by the amino sugar ManN (which will also substitute for GIcN in the rescue of the group C mutant DK731 [23] GlcN (Fig. 2) . In this respect, MD1021 behaved like the group C mutant DK741 (23 induced to undergo developmental autolysis and myxospore formation by starving them in liquid shake cultures (38) . Accordingly, we looked at the effect of GlcN on cells under these conditions. In contrast to vegetatively growing cells, which completely lysed within 3 to 4 h after the addition of GlcN, no significant lysis occurred in starving cells before 12 h (Fig. 3) . However, under these conditions of development, GlcN did in fact stimulate a premature and more massive cell lysis event than was seen in normal starving shake flask cultures. In such cultures, cell numbers began to decrease after 24 h. By 48 h, the culture had decreased in cell number from 2 x 108 cells per ml to 1.35 x 107 cells per ml (93.8% lysis). In cultures treated with 50 mM GlcN, 97.5% of the culture had lysed by 18 h, a full 30 h before untreated cultures.
We next examined the relationship between GlcN induction of autolysis and autocide production, since these compounds have already been implicated in the lytic process (46) .
GlcN stimulates production of AM1 in vegetative cells. M. xanthus DK1622, MD1004, and MD1005 were examined for production of autocide AM1 after the addition of GlcN to the growth medium. Figure 4 shows that untreated wild-type vegetative cells produced 1.5 U of AM1 per 109 cells. The addition of GlcN to vegetative cells induced a dose-dependent production of AML. Up to 4.9 U of AM1 was produced in response to 50 mM GlcN. MD1021 and MD1022 were both resistant to GlcN-induced lysis. The GlcN-resistant mutants did not produce increased amounts of AM1 in response to GlcN (Fig. 4) . Thus, there is a strong correlation between the addition of GlcN, cell lysis, and increased production of autocides in wild-type vegetative cells. This correlation is further strengthened by the fact that the two mutant strains resistant to GlcN-induced lysis also do not increase production of autocides in the presence of GlcN.
Effects of GlcN on AM1 production during development. In order to explore the possibility that autocides were being overproduced during development in the presence of GlcN and thus may be responsible for premature lysis and inhibition of fruiting body formation, we examined developing cells for the production of AM1 in the presence and absence of 50 mM GlcN. Figure 5 shows that AM1 levels normally increased to 4.3 U/109 cells between 18 and 24 h after the initiation of development. This natural increase of AM1 activity correlates with the onset of developmental lysis in the developing population. However, increased levels of autocides appeared 6 to 12 h earlier in the presence of 50 mM GlcN. Figure 5 demonstrates that the strain MD1021 did not show the normal increase in AM1 production that is seen in wild-type cells. The addition of 50 mM GlcN to developing MD1021 cells restored near-normal production of AM1, as well as the ability to form normal spore-filled fruiting bodies. The addition of 50 mM GlcN to MD1022 did not cause an increase in autocide production during development, and autocide levels were comparable to that of the wild-type strain DK1622.
GIcN induces phospholipase activity in vegetative cells. The autocide AM1, a pool of free fatty acids, is believed to be generated by the action of one or more phospholipase enzymes on autocide AMV, which has been identified as phosphatidylethanolamine (19) . We investigated the possibility that GlcN was regulating AM1 production by regulating the phospholipase activity acting on AMV or other membrane phospholipids. Since we did not know the exact nature of the phospholipase activity that might be regulated by GlcN, we used an assay that would measure bulk activity as a result of both phospholipase A and lysophospholipase. ity did not increase in the mutant strains MD1021 and MD1022 in the presence of GlcN but remained at the uninduced level. These results are consistent with the lysis and autocide production data in that the strains that are resistant to GlcN-induced lysis did not show increased phospholipase activity and also did not lyse or show an increase in autocide production in response to added GlcN.
Phospholipase activity during development. Figure 7 shows phospholipase activity as a function of developmental time. In the wild-type strain DK1622, a 15.1-fold increase in activity was observed between 6 and 12 h after the initiation of development. This activity occurred just prior to the onset of lysis and the increase in AM1 activity during development. Phospholipase activity remained at the higher level throughout development. The presence of 50 mM GlcN stimulated phospholipase activity 1.5 times over that of normal wild-type levels at 6 h of development. MD1021 did not demonstrate the normal increase in phospholipase activity at 6 to 12 h of development unless exogenous GlcN was added. The addition of 25 to 50 mM GlcN to developing cells restored normal developmental kinetics and levels of phospholipase activity and also restored the ability to form fruiting bodies and sporulate. MD1022 showed the normal increase in phospholipase activity during development. As in the cases of fruiting body formation, lysis, and autocide production, phospholipase activity also remained unaffected by GlcN during MD1022 development.
GlcN induces sporulation in vegetative cells. In most cases studied, lysis has always been accompanied by sporulation (23, 40, 42, 49) . Since GIcN induced lysis in vegetative cells (Fig. 1) , we investigated the possibility that GlcN-induced lysis was also accompanied by sporulation. Figure 8A shows that GlcN-induced lysis was indeed accompanied by the appearance of heat-and sonication-resistant myxospores. Approximately 70 to 75% of the vegetative population lysed in the presence of 15 mM GlcN, and 60 to 70% of the surviving cells sporulated. Microscopic examination of the culture at 6 h revealed the presence of spheroplasts which had lysed by 6 h, while the first myxospores were seen at 12 h after the addition of GlcN and sporulation was complete by 24 h. Those cells which did not lyse or convert to myxospores continued to grow vegetatively.
Two strains that are resistant to GlcN-induced lysis, MD1021 and MD1022, were tested for the formation of myxospores in the presence of 50 mM GlcN. In the presence of 50 mM GlcN, a concentration that normally completely lyses an entire culture of cells, both mutant strains showed no evidence of lysis or sporulation (32) . Lower concentrations of GlcN gave the same results (32) . These results were consistent with the premise that lysis is required for GlcNinduced sporulation.
GlcN-induced sporulation depends on the ratio of yellowand tan-phase variants present in the population. M. xanthus undergoes a phase variation that can be detected by observing a switch in colony color from yellow to tan (7, 8) . Although it is not known whether or not this phase variation plays a role in development, it has become evident that tan cells play a role in GlcN-mediated events. Tan cells were found to be required for GlcN-mediated rescue of lysis and sporulation in csg and group C sporulation mutants (23) . Tan cells were also found to be more resistant to GlcN-mediated lysis (Fig. 1) . Table 1 shows that tan cells were also required for GlcN-induced sporulation. In a cell population containing 100% yellow-or 100% tan-phase variants, GlcN Table 3 shows that sporulation was enhanced 11-fold in the presence of 10 mM GlcN, while 20 mM GlcN had an inhibitory effect on sporulation. The presence of both enhancement and inhibition of sporulation responses to GlcN demonstrates that a delicate balance between lysis and sporulation exists. The enhancement of sporulation could be due to the fact that GlcN also causes the release of the myxobacterial autocide AML. The addition of AM1 has been shown to enhance sporulation (37) .
The mutant strains MD1021 and MD1022 had different developmental responses to GlcN even though growing cells of both strains were resistant to GlcN-induced lysis. Development in MD1021, which was deficient in fruiting body formation and sporulation, was rescued by GlcN; i.e., the addition of 20 to 50 mM GlcN restored sporulation to wild-type levels. GlcN also rescued deficiencies in autocide production, phospholipase activity, and fruiting body formation. MD1022 was vegetatively and developmentally resistant to the effects of GlcN. Sporulation was not enhanced or inhibited by the addition of 50 mM GlcN to developing MD1022 cells.
GlcN stimulates glycerol production in vegetative cells. During thin-layer chromatography analysis of ethanolic extracts of GlcN-treated cells, a spot with the Rf of glycerol was observed (32) . This spot was not present in extracts of untreated cells. Since glycerol is known to induce sporulation in vegetative cells, we investigated more fully the relationship between GlcN induction and the subsequent intracellular accumulation of glycerol. The time course of accumulation of glycerol in growing, vegetative cells treated with 50 mM GlcN was determined by HPLC. Figure 9 shows that after 30 min of incubation with GlcN, intracellular levels of glycerol rose from a basal level of 90 nmol/108 cells to 170 nmol/108 cells. The increased level of glycerol was transient. After a 2-h incubation with GlcN, glycerol levels fell below the initial basal level of 90 nmol/108 cells. Analysis of the time course of the appearance of glycerol in response to GlcN was repeated by using gas-liquid chromatography analysis, and the results were the same as described above (32) .
Comparison of myxospores derived from fruiting bodies and those induced by glycerol and GlcN. We used several of the properties of myxospores to compare GlcN-induced spores with those induced by glycerol and those derived from fruiting bodies. Spores isolated from fruiting bodies as well as glycerol-induced spores are optically refractile (17) and heat and sonication resistant (44) . GlcN-induced spores are also optically refractile and heat and sonication resistant (32) . Although fruiting body-derived spores and glycerol spores share similar properties, they differ markedly in biochemical and ultrastructural characteristics (22) . In order to compare ultrastructural characteristics, spores were isolated, sectioned, stained, and observed by transmission electron microscopy. Figure 1OA shows a section of a spore derived from a mature (96-h) fruiting body. It has a thick spore coat consisting of a number of distinct layers, which is characteristic of spores derived from fruiting bodies (22) . Figure lOB shows a glycerol-induced spore. It is markedly different from fruiting body spores in that, characteristically, it has only a thin, single-layered spore coat. A GlcN-induced spore is shown in Fig. lOC . It clearly resembles the glycerolinduced spore in that it, too, has one thin spore coat. induced a rapid, synchronous, and massive lytic event. This effect was specific for the amino sugars GlcN and ManN (both of which have been shown to rescue developmental autolysis in the group C developmental mutant [23] ) and is not induced by any other sugars we have tested. GlcNmediated lysis occurs in vegetative cells in the presence of chloramphenicol and rifampin (32) , suggesting that no new protein synthesis is required to effect GlcN-mediated lysis.
GlcN induced not only lysis but also sporulation in growing vegetative cells. The finding that GlcN also resulted in a transient increase in the intracellular concentration of glycerol has also allowed us to rationalize GlcN-induced sporulation on the basis of the fact that glycerol is a known sporulation inducer (17) .
GlcN may mediate lysis via the induction of myxobacterial autocides such as AM1, since the addition of GlcN induced the release of free fatty acids that were chromatographically identical to the free fatty acids of AM1 (32) . We have demonstrated that AM1 levels increased naturally during development between 18 and 24 h after the initiation of starvation. This increase in autocide production occurred concomitantly with the onset of developmental lysis. The addition of GlcN accelerated the formation of autocides, and they appeared earlier than normal, 6 to 8 h after the initiation of starvation. The increased amounts of autocides, as well as their premature appearance, may lyse enough of the original population to render the survivors incapable of continuing with development and fruiting body formation.
Gelvan et al. suggested that AM1 free fatty acids are released as a result of the hydrolysis of another autocide, AMV, by one or more phospholipases (19) . Phospholipase activity appeared during normal development 6 to 12 h before the appearance of AM1 and the onset of developmental lysis. The addition of GlcN caused an increased stimulation of phospholipase activity 6 h after the onset of development. This is consistent with the fact that starving cells did not show signs of lysis until at least 6 h after the addition of 50 mM GlcN. The activity of several lipases and phospholipases in M. xanthus have been observed. Glycerol ester hydrolase activity has been observed (43) , but it may only be involved in lysing prey bacteria, and a developmental role has yet to be demonstrated. Orndorff and Dworkin demon- for a physiological role for these enzymes (12) . Mutants defective in the structural genes for outer membrane phospholipase A (15) show no effect of these mutations on growth. The best-characterized bacterial phospholipase enzymes are the extracellular phospholipases found in Clostridium, Bacillus, and Staphylococcus species; these seem to function mainly as virulence factors (1) . The effects of GlcN on the GIcN-resistant mutants have shed some light on how GlcN regulates the lysis response. MD1021 and MD1022 were isolated on the basis of their abilities to grow vegetatively in the presence of lethal amounts of GlcN, and yet they have different developmental responses to GlcN. MD1021 had the unexpected trait of being vegetatively resistant to GlcN-induced lysis and yet requiring GlcN to complete development. It is not clear whether this reflects different responses to GlcN or to lysis. During development, GlcN rescues fruiting body formation, phospholipase activity, autocide production, and sporulation in the MD1021 mutant. This is consistent with our model in which GlcN regulates a lysis and sporulation pathway that includes phospholipase activity and autocide and glycerol release. The inability of GlcN to induce MD1021 vegetative cells to lyse may suggest an alteration (possibly in the cell surface) that renders the growing vegetative cell less accessible or sensitive to GlcN. MD1022, both vegetative and developing cells, is refractile to the effects of GlcN. This, too, may reflect a change in the cell surface that renders the cells incapable of responding to GlcN.
GlcN has not been shown to be active in cell-cell signaling in other biological systems. In fact, nonacetylated GlcN is rare and unusual in other glycoconjugates. It has been described as a component of a plant phytoglycolipid (10) and has been found in several polymeric structures, such as the chitosan of several fungi (2, 13) . GlcN is also found in the cell wall peptidoglycan of some bacteria (31) . More recently, GlcN has been found to be a major component in the glycosyl phosphatidylinositol membrane anchors that form the basis of attachment of many proteins to cell surfaces in some eukaryotic organisms (14 (17) . This shows that, theoretically, enough glycerol was present intracellularly to induce sporulation.
It has been shown that glycerol-induced spores lack the multilayered coat characteristic of spores isolated from fruiting bodies, presumably because glycerol bypasses the normal requirements for development (22) . Like glycerol induction, GlcN induction also bypasses the requirements of starvation, a solid surface, and multicellular development and initiates lysis and sporulation directly. Thus, it is not surprising that the spores produced in response to glycerol and GlcN resembled each other ultrastructurally. It is interesting that while both glycerol and GlcN stimulate sporulation, they seem to initiate the pathway at different points. Glycerol induction is independent of cell density and does not induce any lysis in the population. While GlcN also bypasses the requirement for nutritional downshift, it initiates the sporulation process at the point of lysis (which is density dependent [36] ) and thus still requires the presence of a minimum cell density which can support both the lysis and sporulation process. During morphogenesis in M. xanthus, two cell fates have been observed to occur within the maturing fruiting body. Either the cells lysed or they survived and sporulated. What determines which cells undergo which fate? One plausible strategy for the cells is to regulate the amount of lysis signal released so that only a certain proportion of the cells are lysed and the survivors sporulate. In the GlcN system, the amount of GlcN (lysis signal) added does in fact have a direct effect on the amount of subsequent sporulation. Another way of ensuring that enough cells always survive lysis and sporulate is for there to be a subpopulation of cells resistant to the lysis signal itself. There is now some evidence that the tan-phase variants in the myxobacterial population may serve this function. Janssen and Dworkin first demonstrated that tan cells were required for the rescue of the group C class mutants by either the cell-associated factor DS or the amino sugars GlcN or ManN (23) . It has also been proposed that tan cells preferentially form myxospores (40) . The results presented in this paper show that tan cells did indeed respond differently to GlcN than did yellow cells. First, tan cells were found to be more resistant to GlcN-induced lysis than were yellow cells (32) . Second, tan cells were found to be required for GlcN-induced sporulation. Within the framework of our model, we suggest that GlcN preferentially lyses yellow cells, while the tan cells, being more resistant to GlcN-mediated lysis, survive and sporulate, possibly responding to liberated glycerol.
In Fig. 11 , we have proposed a model, based on work presented in this paper, that describes the sequence of events that begins with GlcN-induced lysis and culminates with sporulation. We propose that the addition of GlcN eventually results in the generation of two types of signals, one which regulates the sporulation response and another which regulates lysis. The two most likely candidates for these signals are glycerol and the autocide AM1 (free fatty acids), both of which can be induced by the addition of GlcN and can be produced via the hydrolysis of a single compound, a membrane phospholipid. We have shown that GlcN will stimulate increased phospholipase activity in M. xanthus. Therefore, we suggest that GlcN initiates lysis and sporulation by acting as an initial signal which stimulates one or more membrane phospholipases to hydrolyze membrane phosopholipids. The hydrolysis products, AM1 free fatty acids and glycerol, in turn act as second messengers and mediate the developmental events of lysis and sporulation, respectively. It has not escaped our attention that this model is reminiscent of the pathway of eukaryotic signal transduction by which an environmental or hormonal signal triggers the hydrolysis of the membrane phospholipid phosphatidylinositol. The hydrolysis products, inositol triphosphates and diacylglycerol, in turn perform second messenger functions by mobilizing calcium and regulating protein kinase activity (3) .
